The effect of the pore-former used in the Ni-YSZ fuel electrode on the electrochemical performance of solid oxide cells is studied. Three cells with the configuration of Ni-YSZ/YSZ/Nd 2 NiO 4+δ -YSZ were fabricated with different pore-formers, such as graphite, PMMA (polymethyl methacrylate) or an equal mixture of both, which were added to the Ni-YSZ support during the fabrication process. The results show that the Ni-YSZ support containing graphite leads to a more porous support and formation of coarser pores in the vicinity of the electrolyte.
Introduction
Solid oxide fuel cell (SOFC) technology is a clean and efficient method of electricity production which functions through electrochemical oxidation of a fuel such as hydrogen at high temperatures. A solid oxide electrolysis cell (SOEC) is a reversible SOFC which produces hydrogen by splitting water molecules when voltage is applied [1, 2] .
Nickel-YSZ (yttria stabilized zirconia) is the commonly used anode under SOFC and cathode under SOEC modes. In this cermet, nickel provides the electrical conduction path for the released electrons and also acts as a catalyst for oxidation of hydrogen. YSZ is not only the electrolyte for oxygen ion conduction but also forms a porous matrix which provides the required mechanical properties for cell operation at high temperatures, suppresses nickel sintering and reduces the mismatch of the thermal expansion coefficient between the anode and electrolyte [3, 4] . Nickel, YSZ and pores together form the triple phase boundaries (TPBs) where they meet in the vicinity of the electrolyte. Electrochemical reactions occur in such locations and electrons are released.
It is known that the gas permeability, electrical conductivity and the rate of reaction in both SOFC and SOEC modes are highly dependent on the Ni-YSZ microstructure including the grain size of the nickel and YSZ phases, porosity and the percolation of each phase [5, 6] . For example, it was shown by Han et al. that decreasing the grain size of nickel led to an increased TPB length [7] . Mogensen et al. have also shown that finer YSZ grains led to improved TPB length and fuel cell performance [8] . In addition, the influence of the reducing conditions on Ni-YSZ cermets also plays a crucial role on the final microstructure and performance of the SOFC cells [9] .
Regarding the differences between SOFC and SOEC modes, the higher steam content as well as the more difficult removal of hydrogen into the Ni-YSZ electrode in SOEC mode leads to M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 4 different microstructural requirements than SOFC mode [10] . As water molecules are more difficult to be transported due to their increased size in comparison with hydrogen molecules, the required porosity of Ni-YSZ for SOEC application is about 45%, while for SOFC mode it is about 35% [5, 11] .
In this respect, the authors have shown recently that using larger YSZ particles such as calcined YSZ instead of as-received YSZ during cell fabrication significantly enhances the cell electrochemical performance in SOEC mode where a high porosity is required to transfer the high steam content. However, the higher porosity of the cell as a result of using calcined YSZ leads to a decrease of the TPBs and the rate of electrochemical reactions in SOFC mode at the same time. The concentration polarization and activation polarization of the cell in this case seem to compensate each other and the fuel cell shows similar power performance to the cell which uses as-received YSZ in its anode [5] .
Adding pore-formers such as flour, rice, corn starch, wheat, graphite, carbon black, and microspheres to increase the porosity of the nickel-YSZ anode support following reduction is a known technique to enhance gas diffusion since the nickel-YSZ cermet does not have sufficient porosity following reduction [10, 12, 13, 14, 15] . The presence of a high porosity as a result of the addition of a high pore-former content leads to improved gas diffusion but at the same time causes degradation of mechanical properties and a reduction of electronic and ionic conductivities since the contact points are reduced [16, 17] . Liu et al. [10] used four different pore-formers such as polymethyl methacrylate (PMMA), potato starch, ammonium oxalate and ammonium carbonate in the Ni-YSZ electrode and realized that PMMA was the most promising pore-former for SOEC applications since it provided a high porosity and uniform pore size distribution in the microstructure. While large pores reduce the TPB length and as such the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 power performance, very small pores can also obstruct the fuel gas and water vapor diffusion [18] . Therefore, it is important to understand the effect of pore-former content, shape and size on the Ni-YSZ anode microstructure which can affect the performance of the cell quite differently under SOFC and SOEC modes. This topic is the scope of the current research hoping to improve the underlying science behind the microstructure of SOECs.
Experimental Procedure
In this study, three different tubular fuel cells based on Ni-YSZ fuel electrodes were fabricated mixture and PMMA as the pore-former, respectively. Regardless of the pores generated by the pore-former, it can be observed that the PMMA cell has more sub-micron size pores which are formed during reduction of NiO to Ni. NiO-YSZ support porosity and shrinkage following sintering at 1350°C are shown in Table 1 . As can be seen, the graphite, PMMA and mixture cells show about 51%, 41% and 45% open porosity, respectively. Despite using the same volume of pore-former in fabrication of the Ni-YSZ anode (30 vol.%), this result shows that the porous structure is affected by the sintering shrinkage. In the case of PMMA, the anode showed about 18% shrinkage and in the case of graphite it showed 15% shrinkage. This can be a reason for less porosity when PMMA was used as the pore-former.
The three types of studied cells were also observed under the SEM after the electrochemical measurements, as shown in 
Electrochemical Characterization
The three different types of cells were characterized under both fuel cell and electrolysis modes using a fuel composition of 50%H 2 O-50%H 2 inside the fuel electrode and static air at the oxygen electrode side. Electrochemical impedance spectroscopy (EIS) collected under OCV conditions is shown in Figure 3 (a) and the variation of the fitting resistances is also presented in Figure 3 (b). In these types of microtubular cells, usually up to four components are distinguished accounting for diffusion (oxygen gas phase and O 2-migration) and activation (charge transfer) at both electrodes [23, 24, 25] . In those cells, the contribution associated with diffusion at the oxygen electrode is almost negligible due to the small thickness of the oxygen electrode (~30-40 µm), especially in comparison with the fuel electrode supports (~500 µm). As a consequence, all EIS measurements were fitted using the equivalent circuit L-
where L is an inductance, R o the ohmic resistance, and (R 1 CPE 1 ), (R 2 CPE 2 ), (R 3 CPE 3 ) are three resistance-constant phase elements. ). This assignation is also consistent with other literature data [26, 27] . This shows that, despite the different anode porosities, none of the cells present gas diffusion limitations. 
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Typical j-V curves are plotted in Figure 4 and a summary of their electrochemical properties is shown in Table 2 . The performance of the graphite cell is very similar to that reported by Hanifi et al. [5] , fabricated with identical composition, indicating a good reproducibility of the fabrication process. As described in that work, the behaviour in electrolysis for this cell is better than in SOFC mode (see ASR values in Table 2 ). The optimized microstructure of the fuel electrode led to an increased performance in SOEC, especially at high current densities, as a consequence of easy gas diffusion through the pores of the support. On the contrary, slightly higher values are obtained in SOEC mode for both mixture and PMMA cells. In concordance with EIS experiments, the best electrochemical performance was found for the PMMA sample.
For example, 818 and -713 mAcm -2 were obtained in SOFC (at 0.5V and 800 ºC) and SOEC (at 1.3V and 800 ºC) modes, respectively.
In order to fully understand such observed differences between cells, EIS under current load was also performed (Figure 5 left) . A summary of the fitting parameters is shown in Figure 5 (right).
As previously explained, R 1 accounts for the activation at the fuel electrode, R 2 component to activation at the oxygen electrode and R 3 is assigned to steam/hydrogen gas phase diffusion at the fuel electrode. It is worth noting that, in general, the R 2 resistance decreases slightly in electrolysis mode possibly due to the excess oxygen stoichiometry of the Ruddlesden-Popper Nd 2 NiO 4+δ phase favouring oxygen evolution, as previously reported by different authors [28, 29, 30] . On the other hand, the main differences were observed for the component assigned to meaning that despite different porosity content and morphology coming from the different poreformers, the fuel gas diffusion did not encounter problems and it may be unnecessary to have a highly porous fuel electrode. In any case, detailed experiments as a function of steam and hydrogen content are required to fully understand this effect.
Reversible Durability Studies
It was recently reported that electrolysis-induced degradation can be eliminated by reversibly cycling between electrolysis and fuel cell modes, similar to a rechargeable battery [31] . In fact, cycling studies on reversible SOFC/SOEC cells is under continuous investigation [32, 33, 34] . In the present study, we selected the mixture cell for cycling studies as it contains a mixture of both PMMA and graphite pore-formers. The selected conditions for the experiments were: 24 hours under a fixed voltage of 1150 mV (SOEC) followed by 24 hours under a fixed voltage of 700 mV (SOFC). This experiment was conducted for a total period of about 412 hours, as shown in Figure 6 . Despite the initial fluctuations in electrolysis mode during the first 24 hours, the measured current density is approximately constant in both operation modes up to a period approaching 200 hours. From this point, it is then observed that during electrolysis mode there is always a slight degradation which seems to be recovered during the subsequent operation under fuel cell mode. As previously reported by Graves et al. [31] , the typical microstructural degradation mechanism that occurs near the oxygen-electrode/electrolyte interface in SOEC mode [35, 36, 37] seems to be avoided. 
Conclusions
The results of the current study show that PMMA can be an ideal pore-former for generation of a microstructure performing well under both SOFC and SOEC operational modes. Despite an equal amount producing less porosity in the Ni-YSZ support when compared with graphite, the generated porosity (41%) appears to be sufficient for gas diffusion. Channels produced by PMMA also facilitate the formation of finer porosity next to the cell electrolyte which increases the rate of electrochemical reactions, reduces the activation polarization and as such enhances the 
